In addition to the chief function of erythropoietin (Epo) in promoting erythropoiesis, some other roles have been found in the brain and uterus. We have reported that signalling pathways of Epo and Epo receptor (EpoR) are involved in the tumourigenesis of ovarian and uterine cancers. To determine whether Epo plays a similar role in other malignancies, we studied the expression of Epo in several malignant human cell lines. We found that 24 malignant human cell lines examined express Epo and EpoR regardless of their origins, types, genetic characteristics and biological properties and secrete a very small amount of Epo individually and that most of them respond to hypoxic stimuli by enhanced secretion of Epo. To determine whether the Epo±EpoR pathway operates in tumours of these cell lines, we transplanted several cell lines into nude mice and confirmed the presence of Epo-responsive sites in xenografts in which the phosphorylation of the STAT5 (signal transducer and activator of transcription) is detectable. Furthermore, in nude mice we blocked the Epo signalling in xenografts of two representative cell lines, stomach choriocarcinoma and melanoma, by i.p. injections of EpoR antagonist and found inhibition of angiogenesis and survival of tumour cells leading to destruction of tumour masses and disturbances of phosphorylation of STAT5. In contrast, Epo mimetic peptide promotes angiogenesis and tumour cell survival. These findings suggest that Epo is indispensable for the growth and viability of malignant tumour and also that the deprivation of Epo signalling may be a promising therapy for human malignancy.
Introduction
Cancer is a disease initiated by the stepwise accumulation of genetic disorders affecting the balanced expression of oncogenes and suppressor genes, which leads to the promotion and progression of tumourigenesis. Until now, several cascades have been shown to be relevant to the cell cycle, replicative life span, apoptosis, proliferative signals and mobilization of resources in the development of cancers. However, we have never seen such a single molecule playing a key role in malignant tumourigenesis with the acquisition of properties of unlimited, self-sufficient growth and resistance to normal homeostatic regulatory mechanisms. We found that a molecule, erythropoietin (Epo), is substantially involved in the growth, viability and angiogenesis of malignant tumours. In erythropoiesis, Epo prevents apoptotic death of Epo-responsive erythroid precursor cells (1) and stimulates their proliferation and differentiation into erythrocytes (2±4). Binding Epo to its specific receptor (EpoR), which belongs to a family of cytokine receptors that have no tyrosine kinase domain, induces homodimerization of EpoR and the subsequent activation of a Janus kinase 2 (JAK2) through tyrosine phosphorylation, leading to activation of a transcriptional factor, STAT5 (signal transducer and activator of transcription), that induces mitosis of erythroid precursor cells (4, 5) . Moreover, during erythropoiesis, rigid regulation and control of EpoR is evident: the number of EpoR sites is 1000 per cell in colony forming uniterythroid and 200 per cell in erythroblasts, but there is no site in reticulocytes in human bone marrow (6); EpoR mRNA is stable with a mRNA half-life of only 90 min in human erythroid progenitor cells (7) .
The kidney and fetal liver produce Epo required for adult and fetal erythropoiesis, respectively. In addition to these organs, there is increasing evidence that many non-haematopoietic organs and tissues express Epo and EpoR; embryonic stem cells (8) , the embryo proper including its developing nervous system (9), brain (10±13), uterus (14) and ovary (15, 16) express Epo; and endothelial cells (17, 18) , embryonic stem cells (8) , the embryo proper including its nervous system (9), decidual cells (9) , uterus (14) and ovary (15, 16) express EpoR. These widely dispersed Epo±EpoR production sites imply various physiological functions of Epo±EpoR signalling in our body in addition to erythropoiesis. In fact, Epo shows new physiological functions in the brain; neurons express EpoR (10,13) and astrocytes produce Epo (10, 12) . Epo prevents ischaemia-induced and toxic-stressed death of neurons in vivo (19, 20) , and apoptotic neuronal death in the developing brain (21) . In the uterus, Epo plays an important role in angiogenesis via EpoR expressed in vascular endothelial cells of the uterine endometrium (14) . Epo production in the kidney, liver and brain is hypoxia-inducible (11, 22, 23) , but in the uterine endometrium, it depends on estradiol-17b (E2) (14) . Furthermore, we have reported that the proliferation and survival of uterine and ovarian cancers depend on the Abbreviations: ADC, adenocarcinoma; E2, estradiol-17b; EMP1, erythropoietin mimetic peptide 1; EMP9, erythropoietin mimetic peptide 9; Epo, erythropoietin; EpoR, erythropoietin receptor; HIF, hypoxia-inducible factor; IdU, 5-iodo-2 H -deoxyuridine; STAT5, signal transducer and activator of transcription; TdT, terminal deoxy nucleotidyl transferase.
Epo±EpoR signalling pathway; blockade of the Epo signal with a monoclonal antibody against Epo and soluble EpoR destroyed their xenografts in nude mice (24) and their tissue blocks in vitro (16) through death of both transformed cells themselves and intervening capillary endothelial cells. To extend our previous findings we studied whether the Epo± EpoR pathway operates in other malignancies. In this paper we report that 24 malignant human cell lines express Epo and EpoR mRNA regardless of their origins, types, genetic characteristics and biological properties, and respond to hypoxic stimuli by enhanced secretion of Epo individually. The Epo signalling pathway is detectable in xenografts of the cell lines, but not in the corresponding cell lines. Blockade of Epo signal by i.p. injections of EpoR antagonist demonstrated that Epo± EpoR signalling contributes substantially to the development of xenografts of the cell lines.
Materials and methods

Sampling clinical materials
We obtained the patients' informed consent for their specimens to be used in the experiments. Immediately after resection of malignant tumours, we put resected tissues into liquid nitrogen or fixed them in Zamboni solution.
Cell culture
In all experiments, we used each cell line at 75% confluency. In normoxia, we cultured cell lines in 5% CO 2 in air at 37 C, and in anoxia, in 5% CO 2 , 10% H 2 , and balanced N 2 gases in an anaerobic box (ANX-1, Hirasawa Works, Tokyo, Japan), in which H 2 gas reacts with O 2 in the box to make water that is mediated by catalyst (AZX-250, Hirasawa Works). The anoxia was checked with a sheet of anaerobic indicator, oxoid (Oxid, Hante, UK), placed in the box.
5-Iodo-2
H -deoxyuridine uptake assay
We selected 12 cell lines to determine their proliferation by the colourimetric 5-iodo-2 H -deoxyuridine (IdU) assay with the use of a DNA±IdU labelling and detection kit (MK420, Takara, Ohtsu, Japan) according to the manufacturer's protocols. Briefly, 4 days after culture, we added 100 ml of 20 mM IdU to each cell and incubated for 24 h. Each cell line was fixed with 0.1 N NaOH±ethanol, blocked with blocking solution, incubated with anti-IdU antibody at 37 C for 30 min, and then allowed to react with peroxidase-conjugated secondary antibody at 37 C for 30 min. The colour reaction was performed with tetramethyl benzidine. All processes were done in a dark room. Plates were read with a microplate reader (Bio-Rad, Hercules, CA, USA; Benchmark) at a wavelength of 450 nm.
RT±PCR amplification
We prepared total RNA of each sample with a total RNA isolation kit (Trizol, Gibco BRL, Carlsbad, CA, USA). We reverse-transcribed 1 mg of the total RNA with AMV reverse transcriptase and oligo (dT) primer followed by PCR using each pair of primers for Epo (sense 5 
Epo assay
We determined the content of Epo in each culture medium containing 2 Â 10 6 cells after 24 h incubation in triplicate with an enzyme-linked immunoassay using recombinant human Epo (gift from Snow Brand Milk Products, Tokyo, Japan) as the standard. This assay measures Epo levels as low as 1 pg/ml. We concentrated each culture medium with a concentrator (Vivaspin 20, Sartorius, Gaettingen, Germany) according to the protein content of each medium. We did not determine the medium of UT-7 because the medium itself contained 2.4 ng/ml of Epo ( Figure 1F ).
Tumour formation and in vivo studies
All animal experiments described in this paper were approved by the institution and performed under guidelines from Kinki University Animal Facilities. For transplantation, we injected 2±4 Â 10 6 cells/0.1 ml of each corresponding medium subcutaneously into the interscapular region of each mouse (BALB/ cA Jcl-nu, CLEA, Tokyo, Japan) at 6±8 weeks of age. We measured the tumours 3 times a week. When the tumours were 6 Â 6 Â 5 mm in size, we injected intraperitoneally 0.1 ml of erythropoietin mimetic peptide (EMP)9 or EMP1 dissolved in saline (Ohtsuka, Tokyo, Japan) or 0.1 ml of saline (Ohtsuka) four times at 1 h intervals/day for 3 days into the P39 and for 5 days into the SCH xenografts. One injection of 0.1 ml contained 1.0 or 0.5 mg/ml of EMP9, 0.06 or 0.03 mg/ml of EMP1 or saline. We used at least three mice for each treatment, i.e. 34 with xenografts and two with non-treated tumours. Seven days after the last injection, we killed the mice under deep anaesthesia and extirpated the tumours. After macroscopy, we fixed all tumours in Zamboni solution and processed them for immunohistochemical examinations and froze some tumours in liquid nitrogen.
Immunostaining and histology
We have described all the methods used for immunostaining of resected specimens (16) , cell lines (9), cryosections of xenografts (24) and for staining specificity of each antibody (9) . We used the following primary antibodies: anti-Epo (Genzyme, 1:500), anti-EpoR (1:250), anti-Ki67 (DAKO, 1:1), anti-CD31 (Santa Cruz, 1:250) and anti-b-human chorionic gonadotropin (b-hCG) (ProGen, 1:10). To detect apoptosis, we used an in situ apoptosis detection kit (Intergen, Norcross, GA, USA). We analysed all sections stained with Table I .
anti-CD31 antibody and haematoxylin (Delafield, Merck, Darmstadt, Germany) for angiogenesis: We counted cross-sectioned and longitudinally sectioned capillaries and sprouts in 100 areas of 17.6 Â 10 À3 mm 2 in serial sections separated by 60 mm. The magnification was 200 times for SCH, and 920 times for P39 tumours. To evaluate the proliferating and dying cells, we counted the number of Ki67-immunoreactive nuclei, and dying cells with pyknotic, chromatin-condensed and perforated nuclei in 100 fields of the same area we used to count vessels.
Immunoprecipitation and western blotting
We lysed tumours in buffer containing 60 mM Tris±HCl, 1 mM NaVO 4 , 0.2% NP-40, 10% glycerol, pH 7.6 and a Protease Inhibitor Cocktail (Roche, Basel, Switzerland). After discarding the insoluble materials, we incubated 100 mg of protein lysates with polyclonal anti-STAT5 antibody (Santa Cruz, CA, USA) for 2 h. Then we collected the immunocomplexes with protein G± Sepharose (Amersham Biosciences, Piscataway, NJ, USA) for an additional hour and washed them three times in lysis buffer. For the membrane preparation, we homogenized tumours in a buffer containing 10 mM Tris±HCl (pH 7.6), 200 mM sucrose and a Protease Inhibitor Cocktail, and centrifuged it. After SDS±polyacrylamide gel electrophoresis and transfer onto Clear Blot membrane-P (Atto, Tokyo, Japan), we detected phospho-STAT5 in immunoprecipitates and EpoR in membrane preparations with a monoclonal anti-Tyr (P) antibody (Upstate, Lake Placid, NY) and polyclonal anti-EpoR antibody (Santa Cruz), respectively, and developed the blots with HRP-conjugated secondary antibodies and enhanced chemiluminescence (Amersham).
Statistical analysis
We used the Student's t-test to determine a significant difference in means of vascular density, and of uptake of IdU, and a c 2 test to compare the incidence of cell populations.
Results
Expression of Epo and EpoR in malignant human cell lines
We examined cell lines established from patients' tumours and from commercial sources including cells with and without p53 or mitochondria and those resistant or sensitive to radiation (26) or chemotherapy. These are listed in Table I . First, we looked for Epo±EpoR pathways in these cell lines.
Surprisingly, all cell lines showed positive Epo and EpoR immunoreactivity in their cytoplasm (one example is shown in Figure 1A±D ), indicating autocrine secretion of Epo. Then, we confirmed, with the use of RT±PCR analysis, the expression of Epo and EpoR mRNA in all cell lines including HepG2, which expresses Epo mRNA (27) , and UT-7, which expresses EpoR mRNA (28) . All cell lines expressed both transcripts differently ( Figure 1E ). Simultaneously, we examined their expression in normal human fibroblast cell lines, normal human fibroblast (NCF) and normal human dermal fibroblast (NHDF), and found positive expression. Then we examined primary cultures of mouse embryonic fibroblasts, Cs a , Chinese hamster cell lines, CHO and V79-B310H, and confirmed negative expression (data not shown). As Epo is a secreted protein (3,4) with hypoxia stimulating its secretion (22, 23) , and as tumours are hypoxic (29), we measured with an enzyme-linked assay (30) Epo protein in each culture medium under normoxia and anoxia. Under normoxia, the Epo content of these cell lines ranged from 40.0 to 90.0 fg/ml except for that of SCH, which showed the highest value, 768.4 AE 170.0 (mean AE SEM) fg/ml ( Figure 1F ). Under anoxia, 18 of the 23 cell lines secreted significantly more than under normoxia whereas in the remaining five cell lines, A172, HMV1, 170, WiDr and MCF7, secretion was comparable ( Figure 1F ). The highest among the six values of most cell lines ranged from 80.0 to 170.0 fg/ml ( Figure 1F ). The rise in Epo level differed among the cell lines ( Figure 1F) ; SCH, SBC3, DLD1, P22, C32TG and HepG2 significantly secreted at least twice as much as under normoxia. Furthermore, the Epo levels of G361, P39, 220, SBC3 and T47D cell lines reached their peaks within 2 h, those of P22 and AZ521 at 4 h and that of the remaining cell lines at 46 h ( Figure 1F ) . To compare the growth rate among these cell lines, we cultured 12 of the 24 cell lines in respective medium for 4 days and assayed the uptake of IdU. The uptake of the SCH was the highest among others (Figure 2) . Taken together, cell lines from very malignant tumours appear to secrete very much Epo. These results indicate that the 24 malignant cell lines studied express Epo and EpoR mRNA, that they react to hypoxic stimuli with individual responsiveness, and that Epo functions in an autocrine manner in them. The reason that the normal cell lines NCF and NHDF expressed Epo and EpoR mRNA and the answer to whether there are any differences in expression between normal and malignant cell lines remain to be clarified. Figure 3D and H). Next, we analysed the lysates of these specimens and some other resected specimens by western blotting. All lysates showed the band for EpoR as the positive control of UT-7 (28) ( Figure 3I ). These findings indicate that most malignant tumours have Epo-responsive sites, which are the transformed cells themselves and the intervening vascular endothelial cells.
Identification of
Epo-responsive sites in malignant tumours To determine whether Epo±EpoR signalling exists in malignant tumours that consist of tumour cells, capillary networks and other supporting cells we immunostained xenografts and their corresponding resected specimens with anti-EpoR antibody. We detected EpoR
Signal transduction of Epo in cell lines and xenografts
The question then arises: are these cell lines transplantable into nude mice, and will the resulting tumours respond to the withdrawal of Epo signalling by their destruction, as seen in the xenografts of ovarian and uterine cancers (24)? We injected subcutaneously HMV1, G361, P39, 220, SCH, DLD1, A549, SBC3, Hela, PC-3 and HepG2 cell lines into nude mice and confirmed their transplantability: tumour swelling within 1 week for HepG2, up to 8 weeks for G361.
We have detected previously the signal transduction of Epo by deprivation of Epo signal in blocks of uterine and ovarian ADC in vitro by injections of antibody to Epo or of soluble EpoR receptor (16) . Then we determined the amount of phosphotyrosine (P-Tyr) in G361, P39, A549, SBC3 and HepG2 cell lines, and compared it with that in the corresponding xenografts. We recognized the strong band for P-Tyr in five xenografts, but in their cell lines the band was weak or not detectable (Figure 4 ). These findings suggest that although signal transduction of Epo operates in these cell lines, its expression is too weak to detect, but in the xenografts it is strong enough to detect, as noted by others (31) .
Withdrawal of Epo signalling in xenografts
To deprive Epo signalling in xenografts, we first treated tumours of G361, P39, 220, SCH, DLD1, A549, SBC3, Hela, PC-3 and HepG2 with local intra-tumour injections of antibody to Epo or of an antagonist to EpoR (EMP9) (32) and found reduced vascularity and focal degradation in tumour masses 7 days after treatment (data not shown). Then we worked intensively with tumours of P39 and SCH cell lines in at least three mice per experiment with i.p. injections of EMP9 and EMP1 (32) . As in our preliminary in vitro experiments, exposure to 0.5 mg/ml of EMP9 four times at 1 h intervals for 24 h caused growth reduction of the P39 and the SCH cell lines by 64.5 and 10.4% of each control level, respectively, we adopted different protocols; those with P39 tumours received four injections per day for 3 consecutive days, and those with the SCH cell line received four injections per day for 5 days. Seven days after the last injection, we extirpated the tumours under deep anaesthesia and simultaneously examined the interior of the mouse body. No mice showed any bleeding in the body cavity or haematoceles in the organs. We resected blocks of lung, liver, kidney, intestine, spleen and mesentery of EMP9-exposed and control mice, and processed them for EPON sections for microscopic examination. No abnormalities of the vessels or bleeding foci were detectable. The haematocrit values were 46.5 AE 0.8, 49.8 AE 1.2, 51.5 AE 0.5, 48.8 AE 0.3, 53.5 AE 0.5, 50.1 AE 0.5 and 48.2 AE 0.5 (mean AE SEM, n 10) in tumour-bearing mice exposed to 10 and 20 mg/ml of EMP9, 0.6 and 1.2 mg/ml of EMP1, saline and no injection, and no transplantation, respectively. These results indicate that in host animals EMP9 did not damage the vascular channels or red blood cell formation over the limited time scale of the experiment.
With a dissecting microscope, we examined all tumours macroscopically. In two of the three P39 tumours exposed to 6 mg/ml of EMP9 there were balloon-like swellings with vacant holes inside containing small amounts of transparent liquid enclosed by thin tissue beneath the capsule ( Figure 5A ). The other EMP9-exposed tumours showed small or large pulverized tumour masses. No such drastic alterations were detectable in the controls ( Figure 5B and C) or in non-treated tumours ( Figure 5D ). When cutting SCH tumours we detected fluid leaking from the capsules of almost all tumours; markedly bloody in 50% of EMP9-and moderately bloody in 50% of EMP1-exposed tumours, and transparent in saline-and nontreated tumours. The EMP9-exposed tumours had many holes and large defects of dark-red tissue leaving thread-like structures ( Figure 5E ), whereas the control and non-treated tumours showed no tissue defects but had many capillaries in pink tissues ( Figure 5F±H ). The histopathological features of nontreated P39 and SCH tumours resembled those of the original tumour, containing EpoR immunoreactive transformed cells and capillary endothelium ( Figure 5K and O) and many endothelial cells ( Figure 5L and P); whereas those of treated P39 and SCH tumours showed destruction of the tissues with many dead cells ( Figure 5I and M) and few capillaries ( Figure 5J and N) .
Microscopic examination of all tumours revealed the causes of the drastic macroscopic changes seen in EMP9-exposed tumours. In P39 tumours, pulverization appeared as many foci of loosely arranged tissue, which contained many dead tumour cells with melanin granules in clusters or dispersed ( Figure 6A ) and few intact capillaries ( Figure 6B ) resulting in the loss of delicate connections between tumour cells and intervening capillary networks. In these regions there were many apoptotic cells ( Figure 6C ). EMP1-exposed tumours differed from EMP9-exposed tumours with their numerous compactly arranged cells, EpoR-immunoreactivity ( Figure 6D ) adjacent capillaries ( Figure 6E ) and few apoptotic cells ( Figure 6F) . SCH tumours showed a loss of epithelial structures under which many dying cells ( Figure 6G ) and fragmented endothelial cells ( Figure 6H ) were discernible. The dying cells were apoptotic ( Figure 6I ). These findings indicate the accumulation of bloody fluid in the capsule. In contrast, the EMP1-exposed tumours showed a well-developed epithelial structure with small cells ( Figure 6J ) and many vascular channels ( Figure 6K) ; apoptosis was sporadic ( Figure 6L ). Moreover, the EpoR-immunoreactive SCH tumour cells also reacted to anti-b-hCG antibody (data not shown).
To evaluate angiogenesis and the growth and death of tumours quantitatively, we counted the vessels in sections stained with anti-CD31 antibody and the cells with positive Ki67 nuclei in sections stained with anti-Ki67 antibody in all tumours. The total number of cells counted was over 13 000± 4000 per sample in P39 and SCH tumours; the results are summarized in Figure 6M±P . Both doses of EMP9 significantly suppressed angiogenesis (P 5 0.001; Figure 6M and Erythropoietin regulates tumour growth of human malignancies O), reduced the proliferation of cells and increased the number of dying cells (P 5 0.001 versus controls; Figure 6N and P), whereas EMP1 stimulated angiogenesis and cell proliferation (P 5 0.001 or P 5 0.01; Figure 6M±P ). Moreover, western blot analysis of lysate of P39 tumours showed very weak tyrosine phosphorylation of STAT5 immunoprecipitates in EMP9-exposed tumours and strong bands in EMP1-exposed tumours ( Figure 6Q ). These findings indicate that EMP9 induces death of tumour cells and proliferating capillary endothelial cells through disturbances in JAK2±STAT5 pathways, while EMP1 stimulates the growth of both.
Discussion
Here we provide evidence for a novel role of Epo; Epo contributes to the growth, viability and angiogenesis of almost all, if not all, malignant tumours. Our results imply that most malignant tumours have Epo-responsive sites on transformed cells themselves and on capillary endothelial cells, so that Epo plays as substantial a role in tumourigenesis as it does in erythroid progenitor cells; Epo protects these cells from apoptosis and stimulates them to proliferate, but these cells have no regulation of the number of EpoR sites as in erythroid differentiation (6) , so that Epo appears to cause unlimited proliferation. Although the autocrine Epo level is very much lower than the physiological Epo level (5±25 pg/ml) (2), it seems to be sufficient to maintain the microenvironment of the tumour mass, and the greater the tumour, the more Epo is secreted in response to hypoxic stimuli in the tumour mass leading to stepwise acquisition of self-sufficient growth independent of the normal environment of surrounding tissues. During the past 30 years it has become clear that malignant haemopoietic organs produce Epo, and non-haemopoietic malignant organs such as cerebellar haemangioblastoma (32), uterine and ovarian cancers (16) also produce Epo. Furthermore, in renal ADC, the Epo production site is in the tubular cells (33) , not in the peritubular interstitial cells that are the site of Epo synthesis in normal kidney (34) . However, nobody had noted that Epo is involved in the development of kidney cancer until Westenfelder and Baranowski (36) noted this possibility, although it was known to be a cause of polycythaemia associated with autocrine Epo in tumours. We have reported that both normal and malignant ovary and uterus produce Epo (15, 16) , and that in normal tissues the Epo-responsive sites are vascular endothelial cells and cells with cyclic changes, such as follicular cells in the ovary and decidual cells in the uterine endometrium (15) , whereas the sites in malignancies are intervening capillary endothelial cells and transformed cells of both organs (16) . The low levels of Epo in normal kidney (37) , ovary and uterus (16) and the high levels in their malignancies (16, 37) suggest that Epo is involved in malignant tumourigenesis. Moreover, there is accumulating evidence that non-haemopoietic organs and tissues have transcripts for Epo and EpoR in the human body. In our present studies normal fibroblast cell lines also expressed the signal. Taken together, it is reasonable to consider that Epo plays physiological roles other than erythropoiesis in haemopoietic and non-haemopoietic organs and that in malignancies of these organs, an unknown mechanism appears to lead to the activation of transcription of Epo and EpoR. Thus, any factor that induces disorder in Epo signalling in target organs or tissues appears to cause their malignant transformation. However, the details of the nature of such factors remain to be clarified.
Angiogenesis is essential for the development of malignant tumours: some angiogenesis inhibitors and inhibition of the Raf-1 gene expressed on capillary endothelium (38) suppress the proliferation of endothelial cells and lead to the regression of established tumours. On the contrary, Epo±EpoR signalling acts as a mitogen in the endothelium where EpoR mRNA is present (17, 18) through tyrosine phosphorylation of proteins including phosphorylation of STAT5 (39) . Previously, we demonstrated that the expression of Epo and vascular endothelial growth factor (VEGF) mRNA depends on the estrogen level in the uterine endometrium of mice, and that without Epo cyclic endometrial growth is reduced due to the inhibition of angiogenesis (14) . In the present study, EMP9 reduced angiogenesis in SCH and P39 tumours, but did not damage the vessels in the host, indicating that EMP9 damages only uncontrollably proliferating capillaries, not static vessels. On the contrary, EMP1 stimulated angiogenesis through tyrosine phosphorylation of STAT5. A recent report of blockade of Raf-1 gene in the endothelium revealed inhibition of angiogenesis in xenografts of a melanoma cell line (38) . Former reports described a relationship between Raf-1 and Epo signalling; Epo activates Raf-1 and activated Raf-1 is necessary for Epo and interleukin 3 growth signalling pathways (40) ; in a UT-7 cell line Epo and Raf-1 activate mitogen-activated protein (MAP)-kinase (41). These cascades described in the cell lines are not equally applicable to organized malignant tumours; however, Epo-induced angiogenesis in malignant tumours appears to be activated through the Raf-1±MAP kinase pathway.
Under hypoxic stimulation, hypoxia-inducible factor (HIF)-1a activates transcription of Epo (22) . Most human primary and metastatic cancers express abundant HIF-1a, but benign tumours and normal tissues do not always do so (42) . Furthermore, studies of xenografts of ES cells with a loss of HIF-1a reveal attenuation of tumour growth and inhibition of angiogenesis (43, 44) ; however, xenografts of ES cells with HIF1a a show tumour growth with abundant vascularity (43) . We have reported previously that expression of Epo and VEGF mRNA is dependent on the level of E2, not on hypoxia in the uterine endometrium (14) . As ES cells express mRNAs for Epo and EpoR (8) , as blastocysts express estrogen receptor mRNA (45) and as E2 has an angiogenic capability (46) , Epo induced by E2 may operate in these embryoid bodies, and simultaneous induction of VEGF and E2 from host blood may co-operate in leading to their growth. Taken together, activation of Epo involved in tumourigenesis appears to occur through HIF-1a and E2.
In conclusion, signal transduction of Epo takes part in both growth and angiogenesis of tumours and is a putative molecule contributing substantially to the development of almost all malignancies.
